This work considers the relationship between the morphology of porous carbon materials used for supercapacitors and the electrochemical impedance spectroscopy (EIS) response.
However, there is much more scope for applying EIS to supercapacitors to understand the frequency response of porous carbon materials and their corresponding capacitive behavior.
The focus of this work is divided into two main categories: i) developing a simple equivalent circuit that describes the performance of porous electrodes in supercapacitors using KOHactivated carbon materials as model systems, and ii) assessing the role of the morphology/pore structure in determining non-ideal performances and enhancing the electrochemical performance of double-layer capacitors. Different PSDs and micropore volume fractions are investigated to show how this affects the electrochemical impedance behavior and the relaxation times in different porous carbon networks.
Supercapacitor electrode materials composed of porous carbon materials, whether in an activated carbon matrix, carbon aerogel or carbon nanotube forms, exhibit various internal resistances that contribute to the total resistance of the equivalent resistance circuit [15] . The electronic resistance element is comprised of the electrode material resistance (interparticle and intraparticle resistances), electrode/current collector contact resistance and the electrode/separator resistance. As for the ionic resistance, this comprises the bulk electrolyte resistance, the electrode/electrolyte 'external' surface resistance and the 'internal' electrolyte resistance within the different sized pores [16] [17] [18] . The charge transfer resistance governs the Faradaic processes, commonly induced in carbon electrodes due to i) redox reactions with surface functionalities or pseudocapacitive elements, and/or ii) overcharge/overdischarge leakage resistance. Each of the individual resistances contributes to the EIS profile and can be modelled using an equivalent circuit.
Ion transport in three-dimensional porous electrodes must be considered differently to 'twodimensional' electrochemical processes on the 'flat' surface of planar electrodes, where semiinfinite diffusion can generally be assumed [19] . Hence, 'ideal' finite-length Warburg impedance elements cannot be applied to the porous electrodes used in supercapacitors in the same way as planar electrodes. The phase angle between the applied potential at the pore orifice and the charging current at low frequency has a similar behavior to that of the Warburg diffusion impedance of a planar electrode in solutions of low concentrations.
However, the distribution of resistances originating from various pore channel sizes can be used to model the non-uniform current distribution, and to classify the dispersion of capacitance in the porous matrix over a wide range of frequencies. A 'universal' equivalent circuit based on a transmission line model (TLM), has been suggested to represent the electrochemical impedance behavior of porous materials [19] . In this arrangement, a network of parallel resistance (R) and capacitance (C) elements, each with its own time constant, combine to represent the impedance behavior of a porous electrode. Fletcher et. al then developed the universal equivalent circuit through software and hardware realizations of their model in which it was validated via comparison of the developed "Pascal equivalent circuits" and real supercapacitor performances [20] .
A limitation of the use of complex equivalent circuits is that plausible fits can be achieved to EIS data using a range of different circuit element values. Such 'degenerate networks' can establish identical impedance values over an entire range of frequencies and therefore identifying the behavior of a specific complex system is not trivial. While the likes of Fletcher has derived transformation formulas for common 'degenerate networks' to solve the ambiguity of different electrical models [21] , the more complicated the equivalent circuit, the greater the inherent uncertainty in the determination of fitted parameters. Thus it is normally preferable to apply the simplest equivalent circuit possible to characterize a system.
A truncated version of the universal equivalent circuit was proposed for porous electrodes, wherein non-branching pores are assumed throughout the porous matrix [22] . This approach resolves the issue of selecting the "best" fitting circuit, regardless of the number and relevance of the elements in the candidate models considered, where the number n and values of the "RC" vertical ladder is chosen arbitrarily. However, it might not represent all the different PSDs in the porous electrode and therefore not have a direct correspondence with the real physical values of the modelled circuit.
An equivalent circuit for a single pore was first proposed by de Levie, in which an ideal pore has a solution resistance R, and a double-layer capacitance C that behaves equivalently to the TLM [23] . Modifications and simplifications of the TLM followed; these methods have used different assumptions based on the precursor materials and corresponding morphological structures [24, 25] . Table 1 summarizes the suggested equivalent circuit models for EDLCs, along with the assumptions made and elements governing the models. process of each branch observed separately by measuring V. [29] To the authors' knowledge, EIS using such equivalent circuits has not been used to examine the correlation between morphology and electrochemistry across a range of porous electrode structures. To this end, the effect of different porous networks and PSDs on the capacitive behavior over a wide frequency range has been studied for the first time herein.
A trade-off between minimization of pore resistance and maximizing pore capacitance is discussed based on the use of model systems composed of different relaxation times (τ). The average pore sizes were identified, categorized as being in the order: i) micropore range (< 2 nm), ii) mesopore range (2−50 nm) or iii) macropore range (> 50 nm), and the corresponding relaxation times are all expressed by the equation:
where R and C describe the resistances and capacitances, respectively, associated with the different aspects of the occuring processes, as will be detailed throughout this work.
A simplified equivalent circuit model is suggested for porous network structures. It has proven to govern the behavior of porous carbons of different morphologies in supercapacitor devices. In this study, cellulose precursors activated with different KOH loadings were used as the model systems. The various porous structures attained with different KOH / cellulose ratios were analyzed with different characterization techniques, and their corresponding effect on the impedance spectra is reported. This work can be extended to different porous materials with different pore size distributions and morphologies that can be used in supercapacitors and other electrochemical devices.
Experimental

2.1.Synthesis and characterization
Bio-derived materials have gained increasing interest in the energy conversion and storage devices field due to their abundance, sustainability and reproducibility [30] . Different precursor materials, including coconut shells [31] , banana peels [32] and chicken feathers [33] have been employed as electrode materials in EDLCs. These materials have been established as model systems and are easily tuned to achieve porous carbons of high specific surface areas that enhance the electrochemical performance of supercapacitors. Herein, cellulose of softwood pulp origin (Pinus Silvestris and Picea Abies, α-cellulose > 85 %) was activated using different KOH (Fisher Scientific, UK) loadings, as previously reported [12] .
Briefly, the cellulose samples (UPM-Kymmene Corporation, Finland) were prepared via blending with water to reach 1% consistency and 500 g m Mercury intrusion porosimetry (PoreMaster, Quantachrome Instruments, USA) was used to calculate the macroporous volume of the activated samples. The total pore volume was hence evaluated as the sum of pore volumes in all PSD ranges. The macropore volumes calculated using mercury intrusion porosimetry, and micro-and mesopore volumes determined by the DFT method from N2 and CO2 isotherms, were combined in order to determine the total pore volume in the samples. The dominance of micropores at low or zero chemical activation, and that of macropores at high KOH concentrations is shown in Fig. 2 . The total pore volume increased with the KOH/cellulose ratio, which was attributed to the formation of a macroporous structure and a decrease in the micropore volume fraction and therefore, contribution to a wider PSD. The pore volume in the range of 0.7−50 nm displayed sharp peaks in the micro-and mesoporous ranges at different KOH activation ratios, in addition to the dominance of macropore peaks, whilst still maintaining a mesoporous structure for higher activation ratios (Fig. S2 ). The volume of CO2 adsorbed also confirms an increase in the total microporous volume (micropores of diameter < 0.7 nm) with the increasing KOH loading (Fig. S3 ). The total pore volume, constituting micro-, meso-and macropores, increased with increasing KOH loading, as detected by CO2 and N2 isotherms and MIP. However, the micropore fraction decreased with higher KOH etching due to the formation of more macropores. The oxygen and carbon contents of the activated carbon samples were detected using the XPS technique (Table S1 ). The different peaks, C1s, O1s, OKLL oxygen Auger and CKLL carbon Auger, are recorded at binding energies of 284 eV, 532 eV and 983.68 eV, 1223.68 eV, respectively in all spectra (Fig. S4) . It is demonstrated that the oxygen abundance increased with the KOH loading, indicating the presence of more oxygen functional groups on the carbon surface of increasing total pore volume. The effect of the oxygen content on the electrochemical behavior will be further discussed in the following sections.
2.2.Electrochemical testing
Frequency-dependent impedance characteristics
The modelling of the frequency response of porous materials using an equivalent circuit has been discussed in the literature, so as to understand the behavior of different elements that contribute to the total resistance and capacitance values of the whole device [21, 22, 26, [34] [35] [36] . However, it is normally assumed that the electrode is ideally polarizable according to
Grahame's definition, whereby a change in potential causes solely a flow of charge from the external circuit to the electrode/electrolyte interphase, with no charge flow across the doublelayer [37] . The double-layer is then at electrostatic equilibrium at a specified potential and the ideal polarizability is detected by a 90° phase angle (current and voltage are out of phase by 90°). This performance is demonstrated by a vertical line, parallel to the imaginary part of impedance (Z"), on the y-axis of the Nyquist complex plot. In the case of porous materials, and unlike planar electrodes, non-ideal and incompletely polarizable behavior occurs that is frequency-dependent and is distributed over the porous electrode surface in a non-uniform current distribution mode. Hence, when a small alternating voltage signal is imposed to a porous matrix electrode, the behavior is far from ideal, and the double-layer capacitance is dispersed and frequency dependent, whereby different pore sizes 'tune in' after different periods of time (i.e., the narrower the pore, the longer the time or the lower the frequency) [23, 38, 39] .
In the case of the porous KOH-activated model systems used herein, the morphologies with The particular features in order of the speed of processes governing the different resistive and capacitive elements contributing to the electrochemical performance are investigated using the impedance data. As mentioned earlier, the capacitive response is distributed over a wide frequency range, and the examination of the various bulk electrolyte, surface and different pore sizes elements within the carbon electrodes is necessary to understand the impedance behavior. The impedance response will be considered below starting at the highest frequencies employed and onto the more complex behavior of the carbon model systems at lower frequencies.
The equivalent series resistance (ESR) represents the impedance behavior at very high frequency (f→∞) and is evaluated at the intercept on the real axis (Z') of the Nyquist plot (Fig. 3a) . This resistance governs the bulk electrolyte ionic resistance and interparticle / intraparticle electrical resistances originating from the porous nature of the electrode materials. The resistance of the bulk electrolyte is the only common component of the ESR in the case of using the same electrolyte media, and therefore the different values attained in the porous carbons reflect the relative change in the internal electrical resistances of the carbon particulates. The ESR value decreased with an increased total pore volume and decrease in the microporous contribution (i.e. with the KOH loading), where the ESR reached a minimum in KOH−0.1 and KOH−0.5 samples, beyond which the values increase again (Fig. 3b) .
These results might be attributed to the combination of two different factors. i) A hierarchical porous structure and a balance between the micro-and macropores achieved in KOH−0.1 and KOH−0.5 samples where the micro-and macroporous volume contributions were almost identical, as shown in Fig 2. ii) The increase in the oxygen content in the latter two carbons that optimizes the wettability of these carbons. An increase in oxygenated functional groups of hydrophilic nature can enhance the admittance of electrolyte ions into the smallest pores of the carbon materials.
In the intermediate frequency range, the charge transfer resistance is indicated by the highfrequency semicircle in the Nyquist plots (inset of Fig. 3a) . It is clear that not all samples exhibit a distinct semicircle, indicating very low charge transfer resistance due to the lack of a Faradaic contribution associated with redox reactions at the electrode surface. The values slightly decreased with the KOH loading, which is attributed to the increased accessible electrode surface area and hierarchical porous structure that boost the electron/ion transfer in the carbons, despite the increase in their total oxygen content [3, 40] .
At the lowest frequency of 0.01 Hz, the impedance magnitude (Zmod) decreased from the nonactivated sample to activated ones, as the morphology evolved from a fibrous structure to a more porous one (Fig 3c) . All of the porous carbons demonstrated a non-ideal performance (phase angle ϕ <90°), as shown in the Nyquist plot and Bode plot of the phase angle. The deviation from ideality at low frequencies decreases with the increase in the total pore volume with an increased macroporous contribution (increased KOH / cellulose mass ratio).
This behavior might be associated with the porous network structure comprised of micro-, meso-and macropores that play a major role in determining the response at low frequencies, in which different pore size ranges participate in the impedance response. The wide PSD, dominated by macropores with a high total pore volume, leads to a high diffusion rate of the ions into the pores. Consequently, the formation of macropores eases the access of electrolyte ions into the meso-and micropores, thus constituting a more ideal performance and the phase angles approaching 90°. Whereas the total ultra-micropore volume (<0.7 nm) was dominant in the low activated samples (KOH−0, KOH−0.005 and KOH−0.01), hence impeding the wetting of the finest porous matrices that might not occur even at the lowest frequencies used, leading to non-ideal impedance response [19] . These results will be further investigated in the next section through the evaluation of the specific capacitances using EIS.
The frequency where the phase angle is closest to 45°, f45 (the frequency that represents the transition of prominently resistive to prominently capacitive behavior) also decreases as the total pore volume, with different pore size ranges, is increased with the KOH loading ( Figure   3d ). A wider PSD and larger total pore volume at high activation ratios requires longer relaxation times to allow the accessibility of the electrolyte ions into different pore features, starting from macro-, passing into meso-and finally reaching micropores (Fig. 4) . Therefore, the capacitive character of the electrode will only dominate once the pores are 'tuned in', such that the electrolyte ions can invade the smallest pore sizes. Figure 4 : A schematic representation of electrolyte ions transport into the porous electrode, starting with macropores, diffusing into the mesopores and finally reaching the micropores.
3.3.Equivalent Circuit of Porous Carbon Materials
Based on the macro/meso/micro pore structure model and the different circuit elements that contribute to the impedance response previously discussed, and using the TLM as a basis, a simple equivalent circuit model is proposed and shown in The elements of least resistive nature (i.e. macropores) of the porous matrix are accessed first and hence have the fastest response times at high frequency alternating current or potential step, followed by mesopores, and finally micropores. The parallel (RCPE) network representing the pore contribution to impedance, dominates at low frequencies, whereas the ESR and charge transfer elements govern the EIS behavior at the high frequency limit. This model demonstrates that the current distribution is dispersed non-uniformly (temporally and spatially) in the electrode structure, owing to the inhomogeneities of the porous channels.
The circuit model suggested herein shows a good fit to the impedance responses of the different samples over the wide frequency range employed, whereby the maximum chisquare goodness of fit for different impedance behaviors among all the samples is 5.6 × 10 −2 (Fig. S5) .
Specific capacitance in different frequency ranges
The "best performance" of electrodes with the highest capacitance values is usually determined from cyclic voltammetry (CV) measurements at a specific sweep rate or by galvanostatic charge-discharge cycles at a specific current density. However, for porous electrodes, the capacitance values are frequency-dependent, and determined using EIS. The change in specific capacitance as a function of frequency for all samples is shown in Fig. 6 and S6, and is calculated as follows [16, 41] :
where Z', Z" and Z are the real, imaginary and total impedance values, respectively in ohms, with = √−1. C', C" and C represent the real part, imaginary part and total capacitance, respectively, at a specified frequency, all in Farads. The total capacitance, also known as the equivalent series capacitance, does not have a physical correspondence to the system and its sole purpose is to replicate the frequency response of the system under study [22] . The imaginary part of the capacitance corresponds to the energy dissipation by irreversible processes [42, 43] . The maximum in the imaginary capacitance-frequency plot corresponds to the dielectric relaxation time of the whole system, in which the frequency response transforms from a resistive to a capacitive one. The results obtained are consistent with the Bode phase plot values, at which f45 is evaluated (Fig. S7) . The real capacitance part represents the characteristic behavior of the capacitance of the electrode structure and the electrode/electrolyte interphase, and is referred to as the gravimetric or volumetric capacitance [44] . To obtain the corresponding real specific capacitances in this instance as a function of frequency, the C'(ω) values were divided by the mass of active material in each of the samples. The specific capacitance values increase with the activation ratio to a maximum in the KOH−0.1 sample, beyond which the capacitance decreases for KOH−0.5 and KOH−1 sample and then again increases with further activation.
The fibrous structure of the non-activated sample evolves into a microporous one in the lowactivated samples, thus increasing the capacitive element of the cumulative number of pores with higher total pore volume. However, further increase of the porous surface area at fixed volume causes an increase in the internal pore resistance with the increased interparticle/intra particle resistances, which might lead to the observed decrease in total capacitance. The carbon matrix composed of micro, meso-and macropores in KOH−0.5 and KOH−1 samples do not exhibit the best performance at low frequency, in which the capacitance is lost due to ineffective electrolyte penetration of the finest pore fraction which itself accounts for most of the specific surface area of these materials. However, for the most activated sample, the macropores dominate the porous network, and the ease of accessibility of the electrolyte ions into the pores leads to an increase in the specific capacitance values again. Thus, it is established that there is a trade-off between the total pore volume, nature and width of the PSD, the specific surface area and the associated impedances within the porous structures. accompanied by an increase in the macroporous contribution to the total capacitance value, which enhances the performance and quick adaptation of these carbon electrodes at higher frequency responses.
These observations confirm that the determination of best capacitive behavior of porous carbon electrodes in supercapacitors is arbitrary unless evaluated at a specific frequency.
Upon applying lower frequency ranges to the low activated samples, the capacitances will further increase to reach a plateau profile similar to that of the high activated samples, indicating maximum utilization of the accessible pores by the electrolyte ions.
These results do not imply that the wettability of the finest pore structures (i.e. ultramicropores) is achieved, which consequently might impede the response behavior and lead to loss of the total capacitances. However, the maximum capacitance values in the low activated samples (KOH-0.01 and KOH-0.1) would be even higher than those achieved with the carbons of high KOH loading that have already reached their maximum values (plateau profile), indicating that the low activated materials might be more suitable for applications with very low-frequency responses. It should be also noted that the capacitance values obtained are a function of the mass loading of the active material, whereby increasing the electrode total mass can lead to higher capacitance values, and in some cases slower relaxation times, as will be elaborated in the following section, yet might also increase the equivalent series resistance and electrolyte resistances within an increased number of pores.
Thus, the mass loading also plays an important role in analyzing the impedance response and obtaining the intrinsic specific capacitance values if of major importance to analyze the performance optimization of supercapacitor electrode materials. In this work, the mass of deposited electrode material was kept constant amongst the different KOH activated samples, and the preparation method was consistent throughout all experiments to evaluate the materials' characteristics, independent of different parameters in the preparation process. In addition, all electrode materials were deposited on porous nickel foam, acting as a current collector, in which the values deduced from EIS method, might also change with using different current collectors, electrolyte media and/or three-electrode setups.
Determination of circuit elements and relaxation times
The model components discussed in the previous section can reproduce, with high precision, the small voltage amplitude impedance behavior of the carbon electrodes over a wide frequency range. Pores in the same size range are assumed to be identical with a uniform cross-section, and the curvature and surface roughness of pores are neglected. Furthermore, in each of the RCPE-series elements in the transmission line, the capacitance and electrolyte resistance inside the pores is considered to be independent of the distance from the orifice of the pore down its length. It is worth mentioning that other equivalent circuits can be proposed with random sets and different values of RCPE elements, which can generate similar fittings, yet have no correspondence to the real physical values of the different element components [22] .
The time constant of each RCPE series combination is calculated as the product of the nonideal capacitance and the sum of resistances from the element being evaluated inward to the pore surfaces and channels from the outer electrode/bulk solution interphase, as follows:
where = with α accounting for non-ideality (8)
The capacitive elements of the smallest pore dimensions, i.e. the micropores, have the highest time constants and therefore the slowest response rate at low frequencies (<0.1 Hz), followed by mesopores and finally macropores [19] . Consequently, the change in the imposed electrode potential does not charge or discharge the different areas of the matrix at a uniform rate; in reality, the time constants can vary by orders of magnitude [19, 22] . The asynchronous or non-uniform charging at different rates (or discharging behavior) of a porous electrode hence constitutes a far more complex impedance behavior than for planar electrodes with ideal performance. This leads to the conclusion that the concept of a "best capacitive"
behavior cannot be inferred unless specified at a certain frequency. The relationship between the morphology of the KOH-activated porous carbons and the relaxation times is shown in Fig. 7 . It is clear that the microporous volume fraction decreases, while that of macropores increases with KOH/cellulose ratio, as demonstrated with the structural characterization in the previous sections. In addition, the total pore volume was illustrated to increase with macropore volume contribution. The results obtained demonstrate a co-dependence between the nature of the PSD, the total pore volume and the total relaxation times evaluated for the different porous carbons.
Upon increasing the KOH activation loading from the non-activated sample with a dominant ultra-microporous structure (KOH-0) to the lowest activated one (KOH-0.005), an increase in the total relaxation time, as well as the relaxation times of each of the porous structures, occur. This is due to the introduction of chemical activation that leaves behind a limited porous structure upon carbonization in inert atmospheres. However, a further increase in the activation ratio, and thus an increase in the total pore volume with macroporous morphologies, leads to a decrease in the total and PSD-specific relaxation times, whereby meso-and macro-pores have a lower resistive component compared to micropores in the transmission line. These values are also corroborated by the decreasing impedance magnitude upon increasing the KOH loading. Beyond an optimum activation loading in sample KOH-1, in which the micro-and macro-pores both contribute to the frequency response, the impedance magnitude increases again in KOH−2 sample (Fig. 3a) . This is attributed to the further increase in total pore volume, wherein although the micropore fraction has decreased, the total number of the pores in different size ranges has drastically increased. This leads to the increase in the total relaxation charging/discharging times of KOH-2 electrode. The formation of a more meso-and macro-porous structure in a high total pore volume serves to increase the total relaxation times that are needed for adequate access of the electrolyte ions into the increased number of micropores. This is demonstrated in Fig. 7b which shows the different relaxation times in each pore size range of the carbonaceous samples.
The difference in order of magnitudes between the different PSD relaxation times at low or no activation for the same sample diminishes as the activation is further increased, whereby all PSDs contribute significantly to the total time periods needed to charge or discharge the supercapacitor. The frequency response of different pores thus becomes more homogenous as a balance between the micro-and macroporous contributions to the total pore volume is achieved. The employment of lower frequencies for the low activated samples will further increase the total relaxation times with the increase of the microporous relaxation times with the micropores requiring the longest periods of time to charge/discharge. Consequently, the difference in order of magnitudes of the PSD-specific relaxation times will further escalate due to the employment of the meso-and macropores at higher frequencies. This is not the and smaller pores will be less charges that the outer surface regions and bigger pores. Upon terminating the charging period, the redistribution of the charges in the porous matric starts to achieve a uniform voltage across the matrix, causing a potential decline on the outer surface and thus an apparent energy loss. The extension of the impedance measurement at lower frequencies will demonstrate higher relaxation times for the low activated samples, and consequently higher energy dissipation values associated with the electrical relaxation process.
These observations thus dictate the accommodation of different carbon materials for designated power applications. Porous structures that can quickly accommodate the charging/discharging behavior, similar to the high activated KOH sample models, can be employed in applications that require high-frequency responses without major losses in the capacitive mechanism. Whereas carbon materials that are capable of delivering high capacitances but require slow charging/discharging rates, such as the low activated carbons used herein, can be employed in applications of low-frequency response demands.
The suggested model and extracted values of impedance and relaxation times confirm that when addressing a porous matrix with a small alternating voltage signal, the impedance behavior is far from ideal, and is not uniformly accessible by the electrolyte solution.
Comparison with 1-PSD electrode equivalent circuit
The equivalent circuit suggested in this work takes into account three distinct PSDs (micro-, meso-and macro-PSDs), to which an average pore size range can be assigned to each. The different elements, as discussed earlier, represent different resistive and capacitive components in the circuit. However, if it was assumed that the porous matrices were homogenous in the carbonized samples and composed of one uniform pore size, a more simplified circuit can be used to describe the impedance behavior. This circuit would then be composed of the inductive L, equivalent series resistance ESR, constant phase element CPE1
and charge transfer resistance RCT elements, similar to the previously suggested circuit, but with only one capacitive component (CPE2) that describes the capacitance inside the pores (Fig. 8a) . The relaxation time for CPE2 would then be calculated as follows:
The relaxation time for one PSD model is compared to the total relaxation time of the truncated version of the TLM suggested in this work (Fig. 8b) . The difference between the values is significant for the low-and non-activated samples, where the total pore volume is a minimum and composed primarily of micropores. The matrix nature of these samples was mainly composed of micropores and the PSD-specific relaxation times varied by an order of magnitude. In this case, one capacitive element of the porous matrix cannot govern the impedance behavior of such a PSD. Further activation of the carbon materials leads to a decrease in the percentage difference of the relaxation times for the same carbon material, wherein the porous structure is composed of more macropores and attains a greater porous structure. As the microporous structure develops to a more meso-and macro-porous one, the variance between both models was still high, yet decreased by an order of magnitude on account of the similarity in the frequency response (and relaxation times) of the pores at high activation ratios. 
Effect of cycling on EIS and specific capacitance
The effect of the PSD on the capacitance values at the lowest frequency employed was examined before and after cycling the different electrode materials for 5000 cycles at 20 A g -after cycling, are shown in Fig. 9 . The lowest frequency was chosen to evaluate the capacitance values to include the contribution of the different PSD capacitive elements to the total electrochemical behavior. The capacitance retention rates are usually reported to be less than 100 % in which indicated values do not correspond to the frequency-dependant region [45] [46] [47] . However, depending on the porous structure tested, different results can be obtained.
For low-activated materials, the specific capacitance increased upon cycling. This is due to the high volume fractions of micropores that dominate the porous network. Upon cycling, the electrolyte can penetrate parts of the structure that were not accessible by electrolyte ions prior to cycling. The pore fractions in the porous matrix can then be slowly wetted by the electrolyte, whereby the smallest pores account for the highest capacitance values, and hence the increase in overall specific capacitance after 5000 cycles [48] [49] [50] . This is not the case for the KOH−0.5, KOH−1 and KOH−2 samples where the meso-and macropores were accessed by electrolyte ions when running impedance measurements prior to cycling, and hence a decay in performance after 5000 cycles is observed. The complete employment of the pores as capacitive elements hence comes into effect at different rates depending on the PSD of the electrode material. These results agree with the trends of specific capacitances demonstrated in Fig. 6 , where the rapid decrease in the specific capacitance for low-activated samples was dissimilar to the plateau capacitive profile for high activated samples. This was also demonstrated in the phase angle values, whereby the rapid capacitive-to-resistive transition for the low-activated samples before pore exploitation is opposed to extended capacitive performance for higher activated samples in which the pores are more easily accessed through the hierarchical structure. The behavior recorded upon cycling the electrode materials is accompanied by an increase in the impedance in the low-frequency region for high-activated samples and vice-versa for the low-activated ones, noting that both samples had smaller deviation from ideality upon cycling (Fig. S8 ). The specific capacitance values reported throughout this work reflect the electrode materials properties on the microscopic level to further understand the behavior of porous carbon materials in supercapacitors. However, this is the first step in the optimization process from a form-function perspective, and the integration of these realizations with device optimization should be considered for industrial and scale-up applications. In another work, we reported that the supercapacitor configuration and packaging is of major importance, and that different device properties can hugely influence the energy and power delivery of supercapacitors [51] .
The understanding and optimization of the synergy between microscopic materials properties and macroscopic device architecture should therefore be implemented for optimized performances of real supercapacitor devices.
Conclusions
A truncated transmission line equivalent circuit model has been designed and implemented in three-electrode systems for carbon-based supercapacitors. This model explains the different capacitive and resistive elements over a wide frequency response. The effect of a wide pore size distribution on the impedance behavior is examined and introduced in the equivalent circuit for the first time. A 'best performing' supercapacitor device cannot be quantified without specifying the nature of the capacitance reported and its frequency dependency. The amount of micropores plays a vital role in the specific surface area and total capacitance, but unless effectively entered by electrolyte ions, a loss in capacitance occurs after long-term cycles. Meso-and macropores accommodate the change in an alternating voltage signal more quickly, and hence such porous structures can be implemented in applications that require a high response rate. The present work demonstrates that an assessment of the relaxation times is essential to demonstrate the trade-off and possible optimization of porosity, pore size distribution, internal pore resistance and capacitance. The evaluation of these parameters of different porous structures at different rates of frequency response for a supercapacitor device can then be studied to assess power capabilities in charging and discharging and thereby its application for real-world applications.
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